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CHAPTER I
INTRODUCTION
Background
Measuring moisture content (MC) is an important step for successful harvesting,
preservation, and storage of biomass crops such as switchgrass (Panicum virgatum L.).
Moisture content can vary with the time of harvest, weather conditions, and growth stage
at which the material is harvested. Managing MC is critical in controlling biological
activity such as microbial activity and mold formation (Hess et al., 2007), in preserving
nutrient quality, reducing shatter loss (Henson et al.,1987), and prevention of haystack
losses due to fire (Shewmaker and Thaemert, 2004). Also, feedstocks baled at higher
moisture contents can introduce additional processing costs, due to the need for
additional drying time, before further processing (McKendry, 2002).
Switchgrass is considered a model energy crop because of its high yield potential,
high lignin and cellulose contents, ability to grow on marginal land, and low input
requirements (Lewandowski et al. 2003). This dry herbaceous energy crop is usually
harvested with conventional forage harvesting equipment, practices, and time frames
(Cundiff and Marsh, 1996), and has typically been stored in large round bales (Wiselogel
et al, 1996). The grass is cut, windrowed, and allowed to dry (typically 2-3 days
depending on weather conditions) to a moisture content of 15-18% before baling. This
short window of opportunity makes rapid and accurate estimation of windrow moisture
content a critical part of the process. More recently, researchers have been estimating
1

MC effects in feedstock densification through pelleting (Mani et al., 2006) and in-field
cubing (Lowe, 2011). Rapid determination of the MC of switchgrass in the windrow is
necessary for proper harvest, cubing, and storage.
Research Objectives
1. Develop the methodologies needed to measure MC in Switchgrass using electrical
resistance meters.
2. Determine the effects of pressure and probe orientation on MC measurement.
3. Generate MC calibration equations for electrical resistance meters using
switchgrass in the senescence growth stage.
4.

Determine and compare the variability and accuracy of available methods in
determining windrow moisture content in switchgrass

2
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CHAPTER II
EFFECT OF PRESSURE AND PROBE ORIENTATION ON SWITCHGRASS
MOISTURE CONTENT USING ELECTRICAL RESISTANCE METERS G.D.
CHESSER JR., J.D. DAVIS, J.L. PURSWELL, D.E. ROWE AND
R. LEMUS
Introduction
Accurately and rapidly determining MC of windrowed biomass is important for
both researchers and forage producers. Estimating MC in the windrow by smell,
appearance, and feel is popular, but not sufficiently accurate (Pitt, 1993). Numerous
instruments (oven, microwave, and electrical resistance meters) and methodologies have
been developed for forage MC determination with varying levels of success. Accepted
laboratory methods of forage MC determination, such as oven drying, require
considerable time and equipment (Shewmaker and Thaemert, 2004). Electrical resistance
meters have been the most widely adopted method by forage producers because of their
low cost and ease of use as compared to other MC methods. However, measurement of
MC in windrowed switchgrass using electrical resistance meters has been troublesome
when using standard methods (Lowe, personal communication, July 28, 2010).
Electrical resistance meters were originally designed to rapidly measure MC in
densified hay (Henson et al, 1987). The principle of operation is based upon the
dependence of resistance as a function of MC. As the MC of the forage increases, the
electrical resistance decreases (Peterson, 2008). The hand-held meters typically consist
4

of a digital display and sensing probe (length may vary). The meters use a calibration
equation developed for the relationship between forage MC and its electrical resistance
(Dobie and Goss, 1969).
These electrical resistance meters are typically the least expensive in-field MC
measurement method for windrowed forage ranging in price from $190 to $350 and
many MC samples can be taken in a short time period. Most commercially available
meters are calibrated for alfalfa (Medicago sativa) and common hay grasses (Agratronix,
2010; Delmhorst Instrument Co., 2010). The majority of forage MC studies using
electrical resistance meters to measure forage have been conducted using alfalfa (Isaacs,
1954; PAMI, 1981; Henson et al., 1987; Thaemert, 2003) and common hay grasses such
as Timothy grass (Cormier et al., 2007; Savoie et al., 2011).
Henson et al. (1987) evaluated five electronic moisture meters on ten alfalfa bales
at varying moisture contents from 10 to 40% MC wet basis. Actual bale MC was
obtained by the oven drying method. Linear regression analysis was used and the
accuracy of the method was judged based on the correlation coefficients with actual hay
MC. Of those tested the DC electrical resistance method (Delmhorst with 9 in probe,
Delmhorst Instrument Co., Towaco, NJ) proved to be the most accurate method
explaining 85% of the variation between the meter and oven MC. However, density of
the alfalfa bales was not measured. Pitt (1993) reported that although meter MC
measurements in alfalfa hay did correlate with oven dried MC measurements, substantial
inaccuracy existed in the method.
Savoie et al. (2011) evaluated accuracy of electrical resistance meters with
continuous monitoring of MC in compacted Timothy grass hay during drying. Eight
layers of hay were continuously monitored in a laboratory dryer. Each layer consisted of
5

a known mass of hay compressed into a perforated plastic container. Each layer was
adjusted to a constant density typical to that of low density hay bales for barn storage.
Two moisture probes were inserted in the middle of each layer and a multiplexer was
used to monitor signals of the 16 probes by a single meter (F-2000, Delmhorst Instrument
Co., Towaco, NJ). Probe measurements were observed over time and compared to actual
MC based on oven drying and mass balance. Results indicated that meter MC had to be
corrected with a linear regression model to improve the prediction of the actual MC, and
that meters were less accurate at predicting actual MC at high initial MC of 40%.
Though measurements can be rapidly obtained, electronic moisture meters are
subject to error and inaccuracies. Shewmaker and Thaemert (2004) explained that
accuracy is affected by bale density and forage type. The best accuracy is obtained when
the meter is used on forage within the recommended MC range of the meter, and on
forage types in which the meter calibration was developed.
Commercially available electrical resistance MC meters have been used in the
cotton industry for many years to measure MC of cotton lint (Anthony, 1994; Byler
2006) and baled cotton (Byler et al., 2009). Byler et al. (2009) evaluated seven
commercially available resistance-type cotton bale MC meters for precision and
accuracy. Each meter was used to measure MC by probing the bales at six locations on a
total of 96 cotton bales which were treated to assure a bale MC range of 2.3% to 9.4%.
For some bales the meter probes were used in two orientations, across the layers and
along the layers in the bale, to determine the effect of probe orientation. Results
indicated that the meters consistently predicted MC lower than the actual MC, and the
precision of most of the meters was ±1% MC which is problematic considering the MC
range of interest in baled cotton is 3% to 9% MC. No significance was reported for probe
6

orientation effect. Earlier, Byler (2006) explained that inadequate pressure applied
between the cotton lint sample and the meter electrodes can negatively affect meter
accuracy.
Effects of Forage Density
Isaacs (1954) conducted laboratory tests on hay with resistance-type moisture
meters (AC and DC current) to evaluate the effect of pressure on the resistance
measurement of alfalfa hay. MC measurements were made using alternating current and
direct current with a plate-type electrode meter, and a probe-type electrode meter
respectively. A calibrated hydraulic press was used to apply pressure to a hay sample
contained in a 10.2 cm by 10.2 cm (4 in by 4 in) nonconductive test chamber. Isaacs
(1954) observed that resistance varied significantly with pressure, and that measurements
should be taken at a constant pressure level applied against the forage.
Agratronix (2010) suggested a grass sample be taken by hand and twisted into a
tight knot to simulate bale density. The meter probe is then inserted into the tightest part
of the knot, so that both parts of the metal tip are within the knot, then a MC reading is
taken. This “Twist & Knot” method for simulating bale density is highly variable and is
inconsistent (Agratronix, 2010).
Thaemert (2003) demonstrated electrical resistance meter accuracy using ten
alfalfa hay samples with a “windrow sampling tool” designed to simulate the compaction
and density of hay in the bale. The tool consisted of a 5.08 cm (2-in) section of
acrylonitrile butadiene styrene (ABS) pipe, capped on one end. Alfalfa hay samples were
randomly selected and hand rolled into the entire length of the container and compacted
using a plunger to simulate bale density. Each sample was measured with a 50.8 cm (20
7

in) moisture probe at 10, 20, 30, and 40 cm (4, 8, 12 and 16 in) depths within the pipe.
Mean MC was calculated across depths and compared to oven dried measurements for
each sample. Results showed that meter measurements were within 1.93% of the actual
MC. Regression analysis between probe MC and oven MC explained 87% of the
variation.
Cormier et al. (2007) evaluated accuracy and precision of four commercial probe
type meters using Timothy grass at various levels of MC (10% to 40%) and two densities
(90 kg DM/m3and 180 kg DM/m3) in a simulated hay mass similar to a bale. Forage was
compressed into a box using a hydraulic press. Moisture readings measured at higher
densities produced more accurate results and less variability than those at lower densities.
Alfalfa bale densities can range from 159 to 178 kg/m3 (9.92 to 11.12 lb/ft3)
(Shinners et al, 2009). Bale densities of alfalfa tend to be higher than that of switchgrass.
Depending on the baler and harvest regime (1 or 2 cuttings per year) densities of
switchgrass bales can range from 109 to 140 kg/m3 (6.8 to 8.74 lb/ft3) (Bransby and
Sladden, 1996). Switchgrass has a much larger and coarser stem than alfalfa and
common hay grasses, thus contact area of the grass on the sensing tip of the probe may
have an effect on MC readings and accuracy.
Objectives
The objectives of this study are to:
1. Develop the methodologies needed to measure MC in Switchgrass using electrical
resistance meters.
2. Determine the effects of pressure and probe orientation on MC measurement.
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3. Generate MC calibration equations for electrical resistance meters using
switchgrass in the senescence growth stage.
Materials and Methods
Grass Conditioning
Alamo switchgrass samples were collected in the senescence growth stage from
an established field on the Joe Bearden Dairy Research Center at Mississippi State
University, Mississippi State, MS. The grass was harvested with a rotary hay mower and
brought to the laboratory for conditioning. The samples were cut into 30 cm (1 ft)
sections with hand shears, and arranged onto screened bottom drying racks (Fig. 1) and
allowed to dry. A fan was placed next to the drying racks to aid in the drying process.
Grass samples were turned regularly to increase uniformity. Target MC was defined at
10%, 20%, 30%, and 40% to span the electrical resistance meter MC range.
A preliminary investigation determined the time needed to reduce the switchgrass
MC by ten percent in the laboratory environment (~24°C, 75℉, 51%RH). An initial MC
was obtained using a moisture balance (MB 45, Ohaus Inc., Parsippany, NJ) and found to
be 56% MC wet basis. Random samples of grass were tested for MC every 12 hours
until the grass reached the low end of the target range at 10%. It was determined that
under reasonably controlled conditions, it took 24 hours to decrease the MC of the grass
by approximately 10% while in the range of 50% to 20% MC. Once the grass reached
20% MC it took approximately 72 hours to dry to the 10% moisture content level.
Compression Fixture
Preliminary tests were performed using the windrow sampling tool developed by
Thaemert (2003) and results indicated that the 5.08 cm (2 in) diameter pipe is too small
9

for the coarser switchgrass stalks to achieve adequate and even compaction. Switchgrass
stalks can range from 1.8 to 3.7 m (5.9 to 12.1 ft) tall (Sokhansanj et al., 2009) and from
3.1 to 4.2 mm (0.122 to 0.165 in) in diameter (Venturi et al., 2004) at harvest depending
on variety. A second test was performed using a 10.16 cm (4 in) diameter pipe section.
Upon compaction it was observed that the grass became randomly oriented inside the
pipe. Bridging occurred within the pipe which created air voids leading to uncertainty of
surface to tip contact. Results showed that the coarser switchgrass could not be
sufficiently compacted into a round cylinder to achieve proper surface contact with the
meter probe tip. It was observed that coarser grasses will need to be oriented in one
direction and compacted perpendicular to the stalk.
A compression fixture (Fig. 2) was constructed similar to the process by Cormier
et al. (2007). Construction materials included 5.08 cm x 15.24 cm (2 in x 6 in) pine
lumber and 1.9 cm (3/4 in) pine plywood. Chamber dimensions were 30.5 cm x 30.5 cm
x 15 cm (1 ft. x 1 ft x 0.5 ft) (length x width x depth). A floating compression lid was
constructed to apply pressure across a 30.5 cm2 (1 ft2) surface. Rather than a hydraulic
press used by Cormier et al. (2007), circular weights (RPW, Cap Barbell Co., Houston,
TX) were used to provide a simple system for use in field applications.
Five holes were drilled in adjacent sides of the apparatus (Fig. 3) on 5 cm (2 in)
centers so that the probe could be inserted into the center of the grass sample in two
directions; transversely and axially. Grass stalks were oriented in a single direction to fill
the capacity of the box. Weights were placed on top of the compression lid to achieve
pressures of 0, 1.68, 3.11, 4.55, and 6.22 kN/m2 (0, 35, 65, 95, and 130 lb/ft2). The 6.22
kN/m2 (130 lb/ ft2) pressure was determined to be the highest level the electrical
resistance probe could penetrate without fracturing the probe. A soil penetrometer
10

(Fieldscout SC 9000, Spectrum Tech. Inc., Plainfield, IL) was used to compare
penetrating force between the compression fixture and round baled switchgrass. The
probe was inserted into flat vertical face of the round bale transverse to the grass stalks.
Penetrometer probe pressure readings for the switchgrass bales ranged between 482.6 and
838.7 kN/m2 (70 and 122 psi). At fixture pressures of 4.55 and 6.22 kN/m2 (95 and 130
lb/ft2), penetrometer pressure readings ranged 558.4 and 834.3 kN/m2 (81 and 121 psi).
Although the pressure of the fixture was limited to 6.22 kN/m2 (130 lb/ ft2), the fixture
achieves pressures experienced with common switchgrass bale densities.
Data Collection
Two electrical resistance meters (Fig. 3) were selected based on commercial
availability. Meter 1 (Farmex HT-PRO, Agratronix Inc., Streetsboro, OH) and Meter 2
(F-2000, Delmhorst Instrument Co., Towaco, NJ) were both equipped with an 45.7 cm
(18 in) sensing probe. Meter 1 and Meter 2 have effective MC ranges of 8 to 45% and 6
to 40%, respectively.
Grass samples were gathered randomly from the drying racks to completely fill
the 15.2 cm (6 in) depth of the compression fixture. Grass was placed in the compression
fixture in a manner that the stalks were oriented evenly in a single direction. Each meter
was used to measure MC at five locations axially, and five locations transversely along
the grass sample (Fig. 4). The meter probes were marked 15.2 cm (6 in) from the tip to
maintain a constant penetration distance within the fixture.
To determine actual MC for each moisture level, a large hand grab sample from
each replication was placed into a sealed plastic bag to be tested using the standard oven
method. Five randomly selected samples from the bag were arranged into five specimen
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containers of known weight. Initial weights were recorded and samples were placed in
an oven at 103°C and allowed to dry for a period of 24 h (ASABE, 2008). Samples were
removed from the oven and weighed, and then moisture content (percent wet basis) was
calculated. The average of the five oven dried samples was considered the MCactual for
each test day.
Data Analysis
Two trials (separate grass cuttings) were performed to test four levels of moisture
contents (10, 20, 30, and 40%), five pressures (0, 1.68, 3.11, 4.55, 6.22 kN/m2; 0, 35, 65,
95, 130 lb/ft2), and two probe orientations (axial and transverse) in a 4x5x2 factorial
design. For each factorial combination, five replicate boxes of grass (~.91 kg, 2lbs) were
measured for a total of 200 samples. Five MC sub samples were collected for each
treatment of orientation and averaged.
Data (MCmeter, MCactual, pressure, and orientation) were analyzed using a
generalized linear mixed model (PROC GLIMMIX) procedure (SAS, 2009). Moisture
content was expressed as percentage data, and an arcsine transformation was performed
on the response variable (MCmeter) to normalize the data. Repeated measures analysis of
variance was used because multiple measurements are made of the same hay sample as
weight is added in a fixed sequence. The auto regressive covariant structure was
determined to be the best fit by the Bayesian information criteria. Means were separated
using Fisher's LSD and significance was established at α = 0.05. This analysis was used
to determine the significance of pressure, probe orientation, and interactions with MCactual
on the response variable MCmeter.
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A linear regression model was performed using the PROC REG procedure (SAS,
2009) to describe the relationship between the dependent variable MCmeter, and the
independent variables MCactual, pressure, and orientation for each meter. Parameters were
considered significant at α = 0.05 level. The general regression model is shown in
equation 1.
MCmeter = β0 + β1(MCactual) + β2(MCactual)2

(Equation 1)

Results and Discussion
A forage compression apparatus was designed and constructed with on-farm
materials and methods to provide a simple system of applying pressure achievable by any
forage producer or researcher in the field. Since the material is processed, stacked in a
single direction, and weighted in the pressure fixture, the sample preparation is more
repeatable for the use in Switchgrass as compared to the method by Thaemert (2003).
Table 1 illustrates the actual moisture contents of each target MC for trials 1 and 2
respectively. Figures 5 through 8 illustrate the relationship between MCmeter, MCactual,
and pressure for each Meter in trials 1 and 2, respectively. For both meters, MCmeter
increased as pressure increased for each factorial combination of MC. The ANOVA
indicated significant effects of pressure (p ≤ 0.0001), pressure by MCactual interaction (p ≤
0.0001), and probe orientation (p ≤ 0.037) for Meter 1. The ANOVA for Meter 2
indicated significant effects of pressure (p ≤ 0.0001), pressure by MCactual interaction (p ≤
0.0001), and probe orientation (p ≤ 0.0039). The interaction of pressure and MCactual
indicated the necessity of analyzing each treatment of pressure separately for both meters.
Analysis proceeded for each level of pressure to determine the significance of MCactual,
MCactual 2, probe orientation (axial and transverse), and MCactual and orientation
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interaction. Results indicate no interaction between MCactual and probe orientation (p =
0.588, p = 0.3899; Meter 1, Meter 2). The model was repeated dropping the interaction
term to see if linear and quadratic MC effects were still significant (covariance analysis).
Least squares means were calculated for probe orientation effect (axial vs.
transverse) and tested for differences. Probe orientation was significant (p < 0.05) for
pressures of 3.11 and 4.55 kN/m2 (65 and 95 lb/ft2) using Meter 1. Probe orientation was
significant (p < 0.05) for pressures of 0, 1.68, 3.11, and 4.55 kN/m2 (0, 35, 65, and 95 lb/
ft2) using Meter 2.
A linear regression analysis for each meter determined if the relationship between
MCmeter and MCactual was linear or quadratic for each pressure and orientation (if
significant) using adjusted R2 and root mean square error (RMSE) criteria. Tables 2 and
3 summarize the regression coefficients, R2, and RMSE for Meters 1 and 2 respectively.
Separate regressions were made for each treatment of probe orientation (axial and
transverse), because probe orientation was significant for Meter 1 at treatment pressures
of 3.11 and 4.55 kN/m2 (65 and 95 lb/ft2) and for Meter 2 at treatment pressures of 0,
1.68, 3.11, and 4.55 kN/m2 (0, 35, 65, and 95 lb/ft2). Regressions were performed on
pooled data for orientation treatments (axial and transverse) for Meter 1 at treatment
pressures of 0, 1.68, and 6.22 kN/m2 (0, 35, and130 lbs/ft2), and for Meter 2 at treatment
pressure of 6.22 kN/m2 (130 lbs/ft2), because probe orientation was non-significant at
these pressures. The quadratic term for MCactual was only significant for Meter 1 at the
1.68 kN/m2 (35 lbs/ft2) pressure level. For Meter 1, the best regression model (eq. 2),
explained 91% of the variation. For Meter 2, the best regression model (eq. 3), explained
81% of the variation. Best regression models for both meters utilized parameters of 4.55
kN/m2 (95 lb/ft2) of pressure and a transverse probe orientation. RMSE varied only 0.52
14

and 1.64% MC over the range of pressures for Meters 1 and 2, respectively. Figure 9
illustrates the reduced correlation (R2 = 0.91 vs. 0.75) when comparing the 4.55 kN/m2
(95 lb/ft2) to the 0 kN/m2 (0 lb/ft2) pressure treatment for Meter 1. Meter 2 followed the
same trends.
MCmeter = -4.222 + 0.807 (MCactual)

(Equation. 2)

MCmeter = 2.457 + 0.496 (MCactual)

(Equation. 3)

Linear regressions for equations 2 and 3 (Fig. 10) were transformed to provide
calibration equations for Meters 1 and 2, respectively (Fig. 11).
Conclusions
This study developed methods for the measurement of MC in switchgrass using
electrical resistance meters. A forage compression apparatus was designed and
constructed with on-farm materials and methods to provide a simple system of applying
pressure achievable by any forage producer or researcher in the field. The effects of
pressure and probe orientation on the measurement of MC were characterized. Results
indicated that meter accuracy increased as pressure increased. Regression models
accounted for 91% and 81% of the variation for Meter 1 and Meter 2 at a pressure of 4.55
kN/m2 (95 lb/ft2) and a transverse probe orientation. Calibration equations were
developed for both meters to improve moisture measurement accuracy for farmers and
researchers in the field.
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Table 1

Actual moisture contents achieved during grass conditioning of
experimental units.
Actual MC%
Target
MC%
10
20
30
40

Table 2

Trial 1

Trial 2

9.4
21.4
28.8
42.6

11.1
18.0, 22.8
32.7
40.2

Regression coefficients for Meter 1 using non-transformed data. MCmeter =
β0 + β1(MCactual) + β2(MCactual)2; β0 = intercept, β1 = linear coefficient, β2 =
quadratic coefficient. R2 = coefficient of determination, RMSE = root mean
square error.

Pressure Pressure
Probe
2
2
lbs/ft
kN/m
Orientation
0
0
Both
35
1.68
Both
65
3.11
Transverse
65
3.11
Axial
95
4.55
Transverse
95
4.55
Axial
130
6.22
Both

β0

β1

β2

R2

RMSE

-4.773
-7.349
-5.463
-1.982
-4.222
-

0.454
0.899
0.747
0.571
0.807
0.660
0.740

-0.006
-

0.75
0.86
0.89
0.86
0.91
0.88
0.88

2.95
2.50
2.94
2.64
2.97
2.77
3.02
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Table 3

Regression coefficients for Meter 2 using non-transformed data. MCmeter =
β0 + β1(MCactual) + β2(MCactual)2; β0 = intercept, β1 = linear coefficient, β2 =
quadratic coefficient. R2 = coefficient of determination, RMSE = root mean
square error.

Pressure Pressure
kN/m2
lbs/ft2
0
0
35
35
65
65
95
95
130

Figure 1

0
0
1.68
1.68
3.11
3.11
4.55
4.55
6.22

Probe
Orientation
Transverse
Axial
Transverse
Axial
Transverse
Axial
Transverse
Axial
Both

β0
4.944
5.364
4.637
4.832
3.048
3.709
2.457
4.095
2.593

β1

β2

R2

RMSE

0.184
0.140
0.282
0.231
0.407
0.331
0.496
0.376
0.520

-

0.54
0.52
0.73
0.73
0.75
0.72
0.81
0.67
0.78

1.90
1.50
1.98
1.60
2.69
2.32
2.70
3.04
3.14

Screened bottom drying racks used for conditioning of switchgrass.
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Figure 2

Compression apparatus constructed of common wood materials. Five holes
located on adjacent sides for axial and transverse probe orientation.

Figure 3

Compression apparatus pressurized with weights. Meter 1 (left) and Meter
2 (right) inserted into the grass sample axially and transversely,
respectively.
20

Axial

Transverse

Figure 4

Illustration of transverse and axial probe orientation inside the compression
apparatus.

Figure 5

Illustration of the relationship between MCmeter, MCactual, and pressure for
Meter 1; Trial 1.
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Figure 6

Illustration of the relationship between MCmeter, MCactual, and pressure for
Meter 1; Trial 2.

Figure 7

Illustration of the relationship between MCmeter, MCactual, and pressure for
Meter 2; Trial 1.
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Figure 8

Illustration of the relationship between MCmeter, MC actual, and pressure
for Meter 2; Trial 2.
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Figure 10

Illustration of Meter 1 data and linear regression at 0 kN/m2 (0 lb/ft2) and
4.55 kN/m2 (95 lb/ft2) pressures.
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Figure 11

Linear regressions for Meter 1(Farmex HT-Pro) and Meter 2 (Delmhorst F2000) for pressure at 4.55 kN/m2 (95 lbs/ft2) and transverse probe
orientation.
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Figure 12

Meter predictions for Meter 1 (Farmex HT-Pro) and Meter 2 (Delmhorst F2000) for pressure at 4.55 kN/m2 (95 lbs/ft2) and transverse probe
orientation.
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CHAPTER III
DETERMINING WINDROW MOISTURE CONTENT OF SWITCHGRASS USING
AVAILABLE ON-FARM METHODS G.D. CHESSER JR., J.D. DAVIS, J.L.
PURSWELL AND R. LEMUS
Available Methods of Moisture Content Measurement
There are several methods (mass balance, electrical resistance) available to
measure the moisture content (MC) of forage biomass, but some methods are simply too
expensive, too slow, or unavailable to the producers and researchers in the field. All of
the methods described in this study, except for the oven method and the moisture balance,
are described as “On-Farm” methods. On-farm methods of measuring MC must be
economical, repeatable, easily made, acceptably accurate, and conducted in a timely
manner (Oetzel, et al., 1993).
Mass Balance Methods
The oven drying method can be used to determine the MC of most substances and
is the most accurate way of determining MC of forage. However, the oven itself is
expensive and not portable, and requires at least 24 hours to obtain results, which may be
too time consuming for optimum forage harvest practices. This method is considered a
reference method to which all other methods are compared, and is not applicable to field
scenarios.
Microwave oven drying is also an acceptable way to determine MC of grass.
However, microwaving can cause dry matter loss or burning of the sample, which can
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introduce error. The sample is dried at predetermined time intervals until the weight
reading changes are small enough to affect the MC calculation by no more than 1%.
Drying times range from 5-15 minutes depending on the growth stage of the sample and
the quantity of the sample (Shewmaker and Thaemert, 2004). This method was not
evaluated in this study due to the trial and error nature of the method.
A commercial balance type moisture analyzer can also be used to determine the
MC of forage. These analyzers incorporate an electronic balance with a sample tray and
surrounding halogen heating element, and should always be used in an environment
which is free from excessive air currents, corrosives, vibration, and temperature or
humidity extremes (Ohaus, 2010). The drying time per sample ranges from 30 minutes to
an hour, making this method relatively slow. A 120V power source is required. This
method is not considered an on-farm method.
A commercial forced-air evaporative type drying unit can also be used to measure
the MC of forage. A report done by the Prairie Agricultural Machinery Institute (1981)
evaluated a commercial forced-air evaporative tester (Koster Moisture Tester, Koster
Moisture Tester Inc., Brunswick, OH) on a variety of chopped alfalfa and corn forages.
The tester was evaluated for ease of operation, quality of work and suitability of the
operation manual. The report describes the overall performance of the tester as excellent
and the range of measurement of the tester as capable of moisture determination over the
complete range of possible moisture contents for all types of forage crops. It was best to
average measurements from several samples to reduce errors from moisture variations
within the forage. Averaging several measurements reduced the overall error to within
0.8% in alfalfa and 1.3% in corn. Repeatability was excellent in both alfalfa and corn.
Operating ease was good, but the 120V power source needed will make it difficult for in28

field use. The weigh scale has to be leveled and zeroed before the sample container is
filled. A single moisture determination took about thirty minutes. Shewmaker and
Thaemert (2004) describe the Koster Tester as versatile, accurate, inexpensive, easy to
use, and capable of drying samples in approximately 30 minutes.
Drying units are an acceptable way to obtain moisture content, but have some
limitations. Drying units require a source of electricity, and take at least thirty minutes
for sample results. To determine MC across a field, numerous random windrow samples
must be taken across the field to reveal average moisture content. Therefore, using
drying units can become a time consuming and lengthy process (Thaemert, 2003).
Electrical Resistance Methods
Electrical resistance meters were originally designed to rapidly measure MC in
densified hay (Henson et al., 1987). The hand-held meters typically consist of a digital
display and sensing probe (length may vary). A resistance moisture meter forces a
current through the forage sample between the metal contacts at the end of the probe. It
measures the voltage that develops and calculates the resistance. The results are
displayed as MC instead of ohms. The premise is that forage is considered a poor
conductor of electricity, and the water that is present in the forage is considered to be a
good conductor. As the MC of the forage increases, the resistance decreases (Peterson,
2008). The meters utilize a calibration equation developed for the relationship between
MC of a material and its electrical resistance (Dobie and Goss, 1969). These meters are
typically the least expensive MC measurement method ranging in price from $190 US to
$350 US. Many MC samples can be taken in a short time period. Electronic moisture
meters are necessary tool for on-farm moisture measurement, but they are subject to error
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and inaccuracy. Shewmaker and Thaemert (2004) explained that accuracy is affected by
bale density and forage type, and greatest accuracy can only be obtained when the meter
is used on forage samples which are closest to the average of the recommended MC
range of the meter, and on forage types in which the basic meter calibration was
developed.
A report done by the Prairie Agricultural Machinery Institute (1981) evaluated the
Delmhorst F-4 meter, on a variety of baled and chopped alfalfa forages. The F-4 tester,
similar to meter 2 (Delmhorst F-2000) used in this study, is equipped with a probe for
testing baled hay and a pin prod for testing loose hay. Average readings for the pin prod
in a bucket of forage varied from 3% high at low MC to 1% low at high MC with
accurate results occurring at 32% MC. Average readings for the probe in baled hay
varied from 6% high at low MC to 10% low at high MC with accurate results occurring
at 32%MC. PAMI described repeatability for the pin prod as fair, and good for the bale
probe. The meter had a high level of uncertainty for single readings, but uncertainty was
reduced when averaging multiple readings. The study used regression analysis to
develop calibration curves for the probe in baled hay and the pin prod in chopped hay
(PAMI, 1981).
Another consideration is the physical characteristics of the forage to be measured
[i.e. stem & leaf size (length and diameter), stem to leaf ratio, etc.]. All of the meters
used in this study were originally calibrated on alfalfa and grass hay (Delmhorst, 2010,
Agratronix, 2010). Switchgrass has a much larger and coarser stem than alfalfa and
common hay grasses. The surface area contact of the grass on the contact tip of the probe
may have an effect on MC readings and accuracy.
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Cormier et al (2007) evaluated accuracy and precision of four commercial probe
type MC meters using Timothy grass at various levels of MC (10% to 40%) and two
densities (90 kg DM/m3 and 180 kg DM/m3) in a simulated hay mass similar to a bale. A
box was used to contain the forage and a hydraulic press was used to compress the forage
at controlled densities. Moisture content readings observed at higher densities produced
more accurate results and less variability than those at lower densities. This study
showed a direct correlation between grass density and meter accuracy.
A study by Chesser (2010) evaluated the effects of pressure on moisture
measurement in switchgrass using electrical resistance probe-type meters. The study
developed methodologies to more accurately measure MC of switchgrass in windrow
applications. Meter accuracy was evaluated across a range of switchgrass MC of 10% to
40% at five pressures by using a compression apparatus similar to the one by Cormier et
al (2007). Grass stalks were oriented in one direction to fill the capacity of the box, and
weights were placed on top of the compression lid to achieve pressures of 0, 1.68, 3.11,
4.55, 6.22 kN/m2 (0, 35, 65, 95, 130 lb/ft2). The study concluded that accuracy increased
as pressure increased. Meter MC was corrected with a linear regression model to
improve the prediction of the actual MC. Regression models for prediction equations
were selected based on coefficient of determinations (R2), pressures and probe
orientations that are most comparable to common bale conditions, and practicality for
both producers and researchers alike. The best prediction model utilized a pressure of
4.55 kN/m2 (95 lb/ft2) and a probe orientation that was transverse to the grass stalks.
Evaluation of commercial electronic moisture meters in testing MC of energy
crops such as switchgrass is limited in the literature. Further research is essential in
evaluating on-farm methods to accurately and efficiently measure windrow MC for
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energy crops such as Switchgrass. All commercial electrical resistance meters used in
this study were selected based on past studies and availability.
Objectives
The objective of this study is to determine and compare the variability and
accuracy of available methods in determining windrow moisture content in switchgrass.

Materials and Methods
Grass Conditioning
Alamo switchgrass samples were collected from an established field at the Joe
Bearden Dairy Research Center, Starkville, MS, and prepared as discussed by Chesser
(2011). The grass was cut with a rotary hay mower and taken into the laboratory for
conditioning. Target MC was defined at 10%, 20%, 30%, and 40% to span the typical
MC range of probe-type resistance meters.
For probe-type meters, grass samples were cut into 30 cm (1 ft) lengths so that
they would easily fit into the pressure fixture developed by Chesser (2011). For windrow
meters, grass samples were cut into 15 cm (6 in) lengths so that they could be placed
evenly into a 19 liter (5 gal) container without bridging. The prepared samples were
arranged onto screened bottom drying racks and allowed to dry in environmental
conditions of 24°C (75℉) and 51% RH. A box fan was placed next to the drying racks to
aid in the drying process. Grass samples were turned regularly to increase drying
uniformity. The drying rate of the grass was monitored using a moisture balance (MB
45, Ohaus, Parsippany, NJ), and testing began when the grass reached approximately
40% MC.
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Measurement Methods
Grab samples of grass were randomly selected from the drying racks and placed
into a 11.4 L (3 gal) sealable plastic bag until the full measure of the bag was filled.
These samples were used in each of the following analysis.
Oven Method
Five randomly selected samples from the storage bag were arranged into five
specimen containers of known weight. Initial weights were recorded and samples were
placed into an oven at 103°C and allowed to dry for a period of 24 h (ASABE, 2008).
Samples were removed from the oven and weighed, and moisture content (percent wetbasis) was calculated using equation 4 for each of the five samples. The average of the
five oven dried samples was considered the MCactual. This procedure was repeated for
each of five moisture levels.
Moisture Content wet − basis =

wet forage weight - dry forage weight
* 100
wet forage weight

(Equation 4)

Moisture Balance
The Ohaus Moisture Analyzer (Fig. 12) can be used to determine the moisture
content of practically any substance. At the start of the measurement, the moisture
analyzer determines the weight of the sample. The sample is then quickly heated by a
halogen dryer unit to vaporize moisture. During the drying operation the instrument
continuously determines the weight of the sample and displays the result. On
completion, results are displayed on percentage basis as moisture content, solids, weight
or regain. All parameters of a measurement (drying temperature, drying time, etc.) can
be pre-selected.
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Grass samples randomly selected from the storage bag were prepared according to
the instruction manual. The sample tin was placed onto the Ohaus scale and zeroed. The
grass samples were cut with scissors to approximate lengths of 1cm and placed on the
scale until approximately 15 grams was indicated on the scale. The lid was closed and
the scale was activated to test the sample. Sample times ranged from 20 min to one hour
depending on the level of MC. This procedure was repeated to test five MC levels on five
samples.
Koster Tester
The Koster Moisture Tester (Fig. 13), a forced-air evaporative type drying unit,
consists of a portable 110 volt electric dryer equipped with a screened bottom specimen
container in which to weigh and dry the sample. MC is determined by drying a forage
sample of known mass and measuring the mass difference after drying. A specially
constructed weigh scale is calibrated to provide simultaneous direct readings of both
percent moisture content and dry matter content.
The Koster specimen container (empty) was placed onto the Koster scale platform
and the scale was tared to zero. Grass samples randomly selected from the storage bag
were cut into approximately 10 cm (4 in) lengths and placed into the specimen container,
and weighed according to Koster instruction manual. The filled specimen container was
placed on top of the Koster drying unit and allowed to dry for at least one hour to ensure
proper drying. This procedure was repeated to test MC on five samples for each of the
five test days.
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Electrical Resistance Probe-type Meters
Two meters from commercial manufacturers, Agratronix (Fig. 14) and Delmhorst
(Fig. 15) were tested for variability between meter manufacturers and within meters of
the same make and model. Three identical meters of each type Meter 1A, 1B, and 1C,
(Farmex HT-PRO, Agratronix Inc., Streetsboro, OH) and Meter 2A, 2B, and 2C (F-2000,
Delmhorst Instrument Co., Towaco, NJ) were equipped with an 45.7 cm (18 in) sensing
probe. Meters 1 and 2 have effective operating ranges of 8 to 45% and 6 to 40% MC,
respectively. The meters were tested utilizing the pressure fixture and methods
developed by Chesser (2011). Grass samples were gathered randomly from the drying
racks to completely fill the 15.2 cm (6 in) depth of the compression fixture. Grass stalks
were oriented evenly in the same direction. Weights were placed onto the floating lid of
the compression fixture so as to apply a pressure of 4.55 kN/m2 (95 lbs/ft2) to the grass
sample, as recommended by Chesser (2011). Each of the six probes was used to measure
moisture content transversely along the grass sample. This procedure was replicated five
times for each of the five moisture levels.
Electrical Resistance Windrow (WR) Meters
Two meters from commercial manufacturers, Agratronix (Fig. 16) and Delmhorst
(Fig. 16) were tested for variability between meter manufacturers and within meters of
the same make and model. Three identical meters of each type (Meter 3A, 3B, and 3C,
(Farmex HT-PRO, Agratronix Inc., Streetsboro, OH) and Meter 4A, 4B, and 4C (F-2000,
Delmhorst Instrument Co., Towaco, NJ) were intended for testing windrow forage in a
nonconductive container such as a plastic 19 L (5 gal) bucket (Agratronix Inc., 2010).
Meter 3 and meter 4 have an effective moisture testing range of 12 to 70% and 6 to 40%
MC respectively. Random samples of grass (15 cm; 6 in) were collected from the drying
35

racks and positioned into five sampling buckets until the full measure of the buckets were
filled (Fig. 17). A MC reading was taken by placing the meter on top of the grass in the
bucket and applying a downward force (Figures 18 and 19). According to
recommendations by Agratronix (2010), three readings were taken and averaged for each
of the five buckets. Each of the six WR meters was tested in the same manor on each of
the five buckets filled with grass for each of the MC levels.
Data Analysis
A regression analysis using the PROC REG procedure (SAS, 2009) yielded
regression models for each method to describe the relationship between the dependant
variable MCmeasured, and the independent variable MCactual. The general regression model
is shown in equation 5.
MCmeasured = β0 + β1(MCactual) + β2(MCactual)2

(Equation 5)

Statistical parameters were considered significant at α = 0.05 level. The
regression parameters developed from the PROC REG procedure (table 1) were used to
compare accuracy and variability. Root mean square error (RMSE) was used to compare
the variability of each meter. The coefficient of variation (CV) of the RMSE was used to
describe the variability among meters of the same type.
Results and Discussion
Six methods (Ohaus moisture balance, Koster crop tester, Probe-type resistance
meters 1 and 2, WR-type resistance meters 3 and 4) were used to measure MC on
switchgrass across a defined target range of 10 - 40% MC for accuracy and variability
against a standard (oven) method. Three each of meters 1, 2, 3, and 4 were used to test
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for variability in resistance type meters. Statistical parameters for each method are
illustrated in table 1. Regressions for each method (Fig. 20) illustrate that both the Ohaus
and the Koster methods predicted MC higher than MCactual (oven), and the resistance
methods predicted MC lower than MCactual.
For the Ohaus and the Koster methods, a strong linear relationship was
demonstrated between MCactual and MCmeasured. The Ohaus and Koster readings varied by
±3.7% MCwb and ±2.5% MCwb, respectively. Coefficients of determination explained
91% and 96% of the variation for the Ohaus and Koster, respectively.
For the probe type Meters 1A, 1B, and 1C, readings varied by ±2.99%, ±3.29%,
and ±3.29% MCwb, respectively. Comparing the range of RMSE (±2.99 to ±3.29) the
variability between meters 1A, 1B, and 1C was 0.3%. Regressed data for meter 1A
indicated a quadratic fit with the coefficient of determination explaining 90% of the
variation. Regressed data for Meters 1B and 1C indicated a linear relationship with
coefficients of determinations explaining 87% and 83% of the variation respectively.
Mean R2 was 0.87 for Meter 1. The CVof RMSE for meters 1A, 1B, and 1C was 5.43%
For the probe-type meters 2A, 2B, and 2C the meter readings varied by ±2.57%,
±2.16%, and ±2.40% MCwb respectively. When comparing the range of RMSE (±2.16
to ±2.57) the variability within meters 2A, 2B, and 2C was 0.41%. Regressed data for
meters 2A, 2B, and 2C indicated a linear relationship with coefficients of determination
explaining 80%, 84%, and 84% (mean R2 = 0.83) of the variation, respectively. The CV
of RMSE was 8.67%.
For the WR meters 3A, 3B, and 3C, the meter readings varied by ±2.17%,
±2.40%, and ±2.07% MCwb respectively. When comparing the range of RMSE (±2.07
to ±2.4) the variability between meters 3A, 3B, and 3C was 0.33%. Regressed data for
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meters 3A, 3B, and 3C indicated a quadratic relationship with coefficients of
determination explaining 92%, 89%, and 92% (mean R2 = 0.91) of the variation,
respectively. The CV of RMSE was 7.65%.
For the WR meters 4A, 4B, and 4C, the meter readings varied by ±1.95%,
±1.72%, and ±2.14% MCwb respectively. When comparing the range of RMSE (±1.72
to ±2.14) the variability within meters 4A, 4B, and 4C was 0.42%. Regressed data for
meters 4A, 4B, and 4C indicated a quadratic relationship with the coefficients of
determination explaining 87%, 89%, and 84% (mean R2 = 0.87) of the variation,
respectively. The CV of RMSE was 10.86%.
Conclusions
Six methods to measure MC of windrowed (loose) switchgrass at senescence
were tested and compared against a standard (oven) method to evaluate accuracy and
variability. Three each of meters 1, 2, 3, and 4 were used to test for variability between
meters of the same make and model. Regression models were developed for each MC
measurement method to describe the relationship between the dependant variable
MCmeasured, and the independent variable MCactual. Of the six MC measurement methods
evaluated, the Ohaus moisture balance and the Koster crop tester proved to be most
accurate when compared to the standard oven method, but they each take a considerable
amount of time (~45-min.) to produce a MC measurement. These methods cannot be
described as rapid determination methods. For the probe-type meters, Meter 1had more
variability in MC readings (mean RMSE = ±3.19%) than Meter 2 (mean RMSE =
±2.38%), but had a higher coefficient of determination (R2 = 0.87) than Meter 2 (R2 =
0.83). For the WR-type meters, Meter 3 had more variability in MC readings (mean
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RMSE = ±2.21) than Meter 4 (mean RMSE = ±1.94), but had a higher coefficient of
determination (R2 = 0.91) than Meter 4 (R2 = 0.87). The CV of the meter RMSE was
5.43%, 8.67%, 7.65%, and 10.86% for Meters 1, 2, 3, and 4, respectively.
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Table 4

Regression coefficients for each method. MCmeter = β0 + β1(MCactual) +
β2(MCactual)2; β0 = intercept, β1 = linear coefficient, β2 = quadratic
coefficient. R2 = coefficient of determination, RMSE = root mean square
error.

Method

β0

β1

β2

R2

Koster
Ohaus
1A
1B
1C
2A
2B
2C
3A
3B
3C
4A
4B
4C

-12.200
-4.360
3.194
-22.755
-21.083
-22.314
-

1.087
1.105
1.562
0.797
0.692
0.476
0.459
0.504
2.630
2.462
2.573
1.059
0.931
1.183

-0.015
-0.040
-0.037
-0.039
-0.012
-0.010
-0.015

0.96
0.91
0.90
0.87
0.83
0.80
0.84
0.84
0.92
0.89
0.92
0.87
0.89
0.84

Figure 13

Ohaus MB45 Moisture Analyzer
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Mean
R2
0.87

0.83

0.91

0.87

RMSE
2.47
3.74
2.99
3.29
3.29
2.57
2.16
2.40
2.17
2.40
2.07
1.95
1.72
2.14

Mean
RMSE
-

CV%
(RMSE)
-

3.19

5.43

2.38

8.67

2.21

7.65

1.94

10.86

Figure 14

Figure 15

Koster crop tester and weigh scale.

Meter 1) A, B, and C (Farmex HT-Pro).
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Figure 16

Figure 17

Meter 2) A, B, and C (Delmhorst F-2000).

Meter 3) A, B, and C (Farmex SW07140) (Left); Meter 4) A, B, and C
(Delmhorst F-2000 pin-prod) (Right).
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Figure 18

Five plastic 19 L (5 gal) buckets containing prepared switchgrass serving as
replications for windrow meters.

Figure 19

Illustration of downward force applied to Meter 3 (Farmex SW07140)
during test procedure.
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Figure 20

Illustration of downward force applied to Meter 4 (Delmhorst F-2000)
during test procedure.
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Figure 21

Linear regressions for MC measurement methods.
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CHAPTER IV
GENERAL CONCLUSIONS

1. This study characterized the effects of pressure and orientation on electrical
resistance probe-type meters for switchgrass. A forage compression apparatus
was designed and constructed with on-farm materials and methods to provide a
simple system of applying pressure achievable by any forage producer or
researcher in the field. Results indicated that meter accuracy increased as
pressure increased. Regression models were best for both probes at a pressure of
4.55 kN/m2 (95 lb/ft2) and a transverse probe orientation. The models explained
91% and 81% of the variation in Meter 1 and Meter 2, respectively. Calibration
equations were developed for both meters to improve moisture measurement
accuracy for farmers and researchers in the field.
2. Six methods to measure MC of windrowed (loose) switchgrass at senescence
were tested and compared against a standard (oven) method to evaluate accuracy
and variability. Three each of meters 1, 2, 3, and 4 were used to test for
variability between meters of the same make and model. Regression models were
developed for each MC measurement method to describe the relationship between
the dependant variable MCmeasured, and the independent variable MCactual. Of the
six MC measurement methods evaluated, the Ohaus moisture balance and the
Koster crop tester proved to be most accurate when compared to the standard
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oven method, but they each take a considerable amount of time (~45-min.) to
produce a MC measurement. These methods cannot be described as rapid
determination methods. For the probe-type meters, meter 1had more variability in
MC readings (mean RMSE = ±3.19%) than meter 2 (mean RMSE = ±2.38%), but
had a higher coefficient of determination (R2 = 0.87) than meter 2 (R2 = 0.83).
For the WR-type meters, meter 3 had more variability in MC readings (mean
RMSE = ±2.21) than meter 4 (mean RMSE = ±1.94), but had a higher coefficient
of determination (R2 = 0.91) than meter 4 (R2 = 0.87). The coefficient of
variation of the meter RMSE was 5.43%, 8.67%, 7.65%, and 10.86% for Meters
1, 2, 3, and 4, respectively.
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